Low Capacity Hermetic Type Compressor For Transcritical CO2 Applications by Suess, Juergen
Purdue University
Purdue e-Pubs
International Compressor Engineering Conference School of Mechanical Engineering
2002




Follow this and additional works at: https://docs.lib.purdue.edu/icec
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at https://engineering.purdue.edu/
Herrick/Events/orderlit.html
Suess, Juergen, " Low Capacity Hermetic Type Compressor For Transcritical CO2 Applications " (2002). International Compressor
Engineering Conference. Paper 1613.
https://docs.lib.purdue.edu/icec/1613






             Low- / high pressure
4 MPa / 10 MPa























Revolutions per minute, min-1
         C26-1 
LOW CAPACITY HERMETIC TYPE COMPRESSOR  
FOR TRANSCRITICAL CO2 APPLICATIONS 
Jürgen Süss 
Central Compressor R&D 
Danfoss A/S, DK-6430 Nordborg 
Tel.: +45 7488 4187; mail: suess@danfoss.com 
ABSTRACT 
The use of carbon dioxide (CO2) as a refrigerant is recently considered for an increasing number of various 
applications including low capacity transcritical processes. Due to the fluid properties of CO2, the pressure ratio of 
the refrigeration process is rather low compared to common refrigeration processes while the pressure difference is 
high. Furthermore, the volumetric capacity of CO2 is higher than for traditional refrigerants. 
These facts result in special demands regarding the design of suitable components and especially compressors to 
be able to meet the demands regarding the overall systems performance. The paper discusses the lower limit of tran-
scritical CO2 application and outlines a promising design concept for an applicable CO2-compressor. 
Keywords: CO2; compressor, compressor design, compression process 
INTRODUCTION 
Regulations prescribe that CFCs and also HCFCs should no longer be used as refrigerants or seem to be only 
some interim solution. Looking for final choices and taking furthermore regulations for greenhouse gas emissions 
into account, natural fluids become a promising alternative as refrigerants. Some of these refrigerants like the hydro-
carbons and ammonia show a non-favorable safety behavior. If non-toxicity and non-flammability of the refrigerant 
are required the focus comes on CO2 (R744), provided that a process can be designed, which gives competitive en-
ergy performance. 
The compressor is the component with the major influence on the efficiency and reliability of the entire refrig-
eration system. Due to the fluid properties of CO2, the pressure ratio of the refrigeration process is rather low while 
the pressure difference is high compared to common refrigeration processes. In this paper the main effects influenc-
ing the efficiency of CO2-compressors are summarized under the perspective to derive a design for a low capacity 
hermetic type compressor for transcritical CO2 applications. 
COMPRESSION PROCESS OF CO2 COMPRESSORS 
Pressure losses of stationary flow 
Pressure losses inside the compressor influ-
ence the efficiency of the compression process. In 
figure 1 the suction valve losses in percent of the 
indicated compression work calculated as integrals 
in a p,V-diagramm are shown for a CO2 reciprocat-
ing compressor. In addition to the measured val-
ues, the simulated suction valve losses are also 
plotted /1, 2/. 
Figure 1  Suction valve losses for the reciprocat-
ing compressor /1/ 
After having adopted a compression 
process simulation model for the CO2 com-
pression process to experimental results ob-
tained with a CO2 compressor, the program 
was applied to theoretically investigate the 
influence of the flow area of the valves and 
the corresponding pressure losses on the 
efficiency of the indicated compression proc-
ess. As the parameter of the simulation the 
coefficient of the flow area of the suction 
valve related to the geometric cylinder vol-
ume was defined. 
The results of the simulation of the indi-
cated and volumetric efficiency of the proc-
ess are shown in figure 2.  
Per definition, the investigated recipro-
cating compressor had a ratio of 0.3, which 
is rather small due to the large stroke-to-bore 
ratio of about 1,7. Common designs of recip-
rocating compressors used e.g. for HFCs 
have typically a parameter value around 0.6.  
The impact of pressure drop of the suc-
tion and discharge line on the process effi-
ciency can be seen from figure 3, where CO2 
is compared to other more common refriger-
ants. The picture shows the isentropic effi-
ciency as a function of the occurring pres-
sure drop /2/.  
From figure 2 and figure 3 it gets obvi-
ous that the efficiency of the CO2 compres-
sion process is not very sensible to steady 
state flow losses. 
 
Pressure drop of non-stationary flow 
As outlined before, CO2 is not especially sensitive to pressure drop at steady state flow conditions. Nevertheless, 
a significant part of the flow is non-stationary. Especially the plenum chamber flow of one-cylinder compressors is 
of a non-stationary type.  
CO2 with its low specific volume is sensitive to pressure changes due to the acceleration of the flow as occur-
ring in plenum chambers of compressor. According to earlier investigations /1, 2/, the plenum chamber volumes of 
one-cylinder CO2 compressors should be at least 10 times the cylinder volume, which is a rather big value for this 
ratio. To keep losses acceptable, this number needs to be applied for both the suction and the discharge plenum 
chamber.  
To minimize the impact of heat transfer, the plenum chambers should favorably be designed in a way that the 
majority of gas constantly remains contained inside them acting as a gas suspension, while the actual flow to and 
from the cylinder ports passes trough them quite directly and in short time. 
 
Figure 2 Simulation of the indicated and volumetric efficiency  
of the process as a function of the valve flow areas 
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Figure 3 Isentropic efficiency as a function of pressure drop  























Relative suction valve flow area 
related to geometric cylinder volume
Leakage of the cylinder 
As a function of the pressure inside the cylinder and the suction or the discharge pressure, the gas leaks in either 
direction through the gaps at the cylinder valves and the gap between the piston and the cylinder. Available results 
of former investigations of compressors and combustion engines have shown that leakage of the cylinder only has a 
negligible influence on the pressure and temperature curse of the compression /1,2,4/, but for low capacity compres-
sors working at high process pressures and large pressure differences a reconsideration of this statement is recom-
mended. 
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with U: circumference of gap; h: height of gap; l: length of gap; p: pressure; v: specific volume and µ: viscosity 
Evaluating this equations it gets obviously that the influence of leakage on the indicated compression process 
efficiency must not be neglected in general, as the leakage mass is a function of the difference between the squares 
of the pressures at each side of the gap. This difference gets significant when applying CO2 as the refrigerant. Inves-
tigations of the influence of leakage on the efficiency of the indicated process of CO2 compressors have shown that 
it is possible to reduce the harmful influence of cylinder leakage on the efficiency with an appropriate design of the 
machine to a negligible value. To be efficient, this design requires the application of piston rings and oil lubrication 
/1/. Leakage of the valves can also be kept low when applying circular ports combined with traditional reed valve 
technologies. Furthermore, due to the dimensions of the gap between the piston and the cylinder its negative influ-
ence on the performance of the compression process normally exceeds the effect of the gap at the cylinder valves. 
Heat transfer inside the cylinder 
Apart from pressure losses and leakage, heat transfer phenomena between the gas and the cylinder walls have an 
influence on the performance of the compression process. To estimate the influence of heat transfer phenomena 
inside the cylinder on the efficiency of the indicated process the heat being exchanged between the gas and the cyl-
inder of a CO2 reciprocating compressor was measured /5/. The results of this measurement are shown in figure 4. 
Besides the heat flux, the pressure inside the cylinder was recorded for these measurements. 
The influence of heat transfer on the indicated ef-
ficiency of the compression process was theoretically 
investigated by simulating the process with and with-
out the consideration of the measured heat flux. From 
the simulation it was evident, that heat transfer effects 
inside the cylinder have only a negligible influence on 
the performance of the process although the local heat 
transfer coefficient reaches a maximum value of more 
than 35 kW/m2K during the process. This negligible 
impact results obviously from the short time, in which 
the gas remains in the cylinder /5/.  
Consequently, the geometry of the cylinder, 
namely the ratio between the cylinder surface and the 
cylinder volume has no major influence on the effect 
of heat transfer phenomena inside the cylinder and 
with that of the performance of the process. There-
fore, no special limits regarding the design of the 
cylinder of a CO2-compressor must be respected due 
to heat transfer phenomena inside the cylinder /5/. 
Figure 4  Measured heat flux and cylinder 
 pressure over crank angle /1/ 

































Heat transfer outside the cylinder 
Before and after the compression 
process, the refrigerant remains a 
certain time inside plenum chambers 
or even the shell of a hermetic com-
pressor. During this time, heat trans-
fer occurs e.g. the suction gas tem-
perature is increased. As shown in 
figure 5, the performance of a CO2-
compressor is especially sensitive to 
this kind of heat transfer and heat 
transfer occurs intensively due to the 
fluid properties of CO2. 
Figure 5 compares the impact of 
suction gas superheat on the specific 
volume of the fluid represented by 
the refrigerant mass inside the com-
pression chamber for various refrig-
erants. Accordingly, it is especially 
important for the performance of a 
CO2 compressor to minimize the heat 
transfer outside the cylinder.  
DRIVE MECHANISM  
Due to the large difference between the suction and the delivery pressure of the CO2 process, the load on the 
driving mechanism of a CO2 compressor is rather high even at a small piston diameter. Most critical is the design of 
a piston/connection rod bearing as the piston diameter with decreasing cylinder bore is rather small and therefore 
does not offer much space. Furthermore the relative movement of the two bearing surfaces in this bearing is quite 
low, which is unfavorable for hydrodynamic lubrication. 
As the lubrication of the piston connection rod bearing relies mainly on the squeeze effect of the Reynolds equa-
tion, the gap of this bearing should be filled with lubricant during the suction phase of the process. Lubricant needs 
to be supplied to this bearing, while the actual bearing area should be maximized. A decent pressure drop on the 
suction side of the compression cylinder supports the oil delivery into the gap of this bearing and can help to in-
crease its reliability. 
COMPRESSOR DESIGN CONCEPT  
From the parameters influencing the performance of CO2-compressors, leakage of the cylinder has been identi-
fied to have the major impact. Therefore, it is essential to minimize the length of the leakage gaps and to apply an 
efficient sealing concept. The lowest leakage rates are achieved by applying oil-lubricated machines with seals slid-
ing along the cylinder wall, e.g. piston rings. Complying this fact, rotating displacers compressors don’t seem to be a 
promising option for the application in CO2 vapor compression processes. Only high production accuracy or larger 
capacities may allow working with these compressor concepts. 
Thus, the focus comes on reciprocating piston type compressors, mainly trunk- and axial piston machines. To 
minimize the leakage mass flow the sealing length has to be short, pushing the concept towards a cylinder with a 
rather long stroke-to-bore ratio. The disadvantage of this concept is the little space left to apply valves with a suffi-
cient flow area. On the other hand it had been shown, that the pressure losses inside a CO2-compressor have a rather 
small influence on the energetic and volumetric performance of the compression process if the plenum chambers are 
designed in an appropriate way.  
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Figure 5  Refrigerant mass inside the compression chamber  
as a function of the suction gas superheat 
When calculating CO2 compressors with 
constant cylinder volume working between a 
suction pressure of 4 MPa and a high pres-
sure of 12 MPa for different stroke-to-bore 
ratios, the performance as shown in figure 6 
is obtained /1/.  
At a low stroke-to-bore ratio the cham-
ber leakage is increased. This reduces the 
indicated and volumetric efficiency of the 
compressor. Furthermore, the load on the 
driving mechanism is rising, which affects 
the mechanical efficiency. 
At high stroke to bore ratios the increas-
ing valve losses are reducing the indicated 
process efficiency and increasing speed of 
the piston is taking down the mechanical 
efficiency. 
Optimal performance is expected around a stroke-to-bore ratio of 1,2 to 1,6, which is untypical large for a proc-
ess with such a low-pressure ratio. Nevertheless, this recommendation is based on considerations regarding cylinder 
leakage and pressure drop. 
COMPRESSOR FEAIBILITY STUDY  
The feasibility study of a low capacity 
hermetic type compressor for transcritical 
CO2 applications should be based on an 
existing compressor platform to keep ef-
forts reasonable. The approach of adopting 
standard compressors to the requirements 
of the transcritical CO2 process is not new 
/1,6,7/ and it was also applied to low ca-
pacity hermetic type compressors /8/. Nev-
ertheless, since earlier attempts, the experi-
ence of designing such compressors has 
increased offering a higher chance of suc-
cess. Furthermore, system integration ex-
perience rose and promising applications 
for the transcritical CO2 process could be 
identified. Both facts increase the need and 
interest for these types of compressors. 
Figure 7 shows a way to realize the 
design features of a CO2 compressor as 
describes earlier. The design study is based 
on a Danfoss S-Type compressor, which 
offers the biggest motor frame and highest 
drive mechanism stability of the Danfoss 
hermetic type compressors range.  
 
 















Stroke to bore ratio
Figure 6  Calculated efficiency of a CO2 compressor with  
constant cylinder volume for different stroke-to-bore ratios 
 
Figure 7  CO2 compressor based on a  
Danfoss S-Type compressor  
Compressor components and thier function 
Suction line 
The CO2 should enter the cylinder slightly superheated at the lowest possible temperature. This means that addi-
tional superheat inside the compressor gets minimized, while pressure drop of floating gas does not seem to be espe-
cially important. 
The length of the suction gas path inside the compressor should be minimized and the gas entering the compres-
sor should directly be guided to the suction plenum chamber. Additionally, it seems favorable to apply a suction gas 
telescope to the CO2 compressor, such as being used today in some HFC or HC compressors. The suction gas tele-
scope should feature an oil separation function assuring the return of oil contained in the suction gas flow back to 
the compressor sump. 
Suction plenum chamber 
The suction plenum chamber should be made out of material, which minimizes the heat transfer, e.g. some plas-
tic material. Nevertheless, for this prototype, a metal design is chosen to minimize risk due to material strength and 
comparability. The plenum chamber has approximately a volume of 25 cc.  
Figure 8 shows a sketch of the plenum chamber arrangement. The suction gas enters the suction plenum cham-
ber shown on the left hand side of the arrangement directly from the suction line positioned in the upper left corner 
of the suction plenum chamber. A oil separation feature is included in 
suction line telescope, but an additional small drilling is also posi-
tioned in the suction plenum chamber itself to allow eventually caught 
oil to drain out. The plenum chamber may have an inside structure, 
which guides the entering suction gas directly towards the suction 
intake of the cylinder. The plenum chamber is designed with the prior 
focus on the minimization of temperature increase during suction.  
The main portion of the gas, which is inside the plenum chamber, 
will remain there throughout the processes and just act as a gas sus-
pension to reduce the suction pressure amplitude and the acceleration 
of the gas in the suction line and outside the compressor. 
The suction plenum chamber is mounted onto the valve plate, 
which is a part of the plenum chamber arrangement and the suction 
plenum chamber is separated from the discharge plenum chamber as 
much as possible.  
 
Suction port and valve 
From the suction plenum chamber, the suction gas flows towards the suction valve. The valve port has adiame-
ter of 4,5 mm and the valve lift is set to be 1,1. The design and positioning of the suction valve gets obvious from 
figure 7. 
Cylinder geometry and sealing 
The cylinder volume of the first compressor prototype is chosen to be 2,5 cc. Nevertheless, available S-type 
compressor motors allow a variation this value of around ±60 %. In Table 1 standard crankshafts and the resulting 
strokes s are listed. Furthermore, the bore diameter and the stroke-to-bore are given for a set of cylinder volumes. To 
approach the optimal stroke-to-bore ratio of a CO2 compressor, a stroke of 16 mm and a bore of 14 mm are selected. 
This selection gives in a stroke-to-bore ratio of approx. 1,1. 
 
Figure 7  Plenum chamber 
 arrangement 
The cylinder diameter seems to be restricted to val-
ues above 14 mm by piston ring technology. Mobile 
A/C CO2 compressors typically use 16 mm as a piston 
diameter and access to piston rings with this slightly 
bigger diameter is somewhat easier. 
For this compressor prototype, 14 mm is chosen as 
the piston diameter. Experiences with mobile A/C com-
pressors and compressors with bigger individual cylin-
ders have confirmed that the application of piston rings 
is a promising option to achieve the efficiency goals. 
Here, a number of two rings per piston is chosen as 
the compromise between cylinder sealing and friction 
between the rings and the cylinder liner. 
Discharge port and valve 
The discharge valve is designed as a state of the art reed valve. The valve port has a diameter of 4 mm and the 
valve lift is restricted by a valve retainer to around 0,9 mm. The arrangement and positioning of the discharge valve 
is shown in figure 7. The valve plate of the prototype is a part of the discharge plenum chamber shown on the right 
hand side of figure 7.  
Discharge plenum chamber 
The discharge plenum chamber made out of a material to give enough stability to resist the high inside pressure 
and temperature, which could exceed 140 bars and 150 °C respectively. To avoid leakage from the discharge to the 
suction plenum chamber, the valve plate and the plenum chamber are made as one solid part. The discharge plenum 
chamber design is shown in figure 7 on the right hand side of the muffler arrangement. 
The plenum chamber has approximately a volume of 25 cc, which corresponds to 10 times the cylinder volume. 
It consists out a main part including the valve plate and a cap. This cap is mounted firmly and tight on the plenum 
chamber avoiding leakage from the discharge to the suction side plenum chamber.  
The discharge plenum chamber has an inside structure guiding the discharge gas entering the plenum chamber 
directly towards the discharge line. Additionally, this inside structure is used to increases the plenum chamber’s 
strength. The plenum chamber is designed with the prior focus on minimizing heat transfer by taking certain disad-
vantages regarding noise and vibrations. The main portion of the discharge gas, which is inside the plenum chamber 
may remain there throughout the processes and act as a gas suspension to reduce the delivery pressure amplitude and 
the acceleration of the gas in the discharge line. 
Discharge line 
The discharge line corresponds to a state of the art design of standard hermetic type. Nevertheless, due to the 
good transfer properties of CO2, a short and possibly insulated discharge line will have an positive impact on the 
isentropic efficiency of the compressor, which is defined as ηis=m*(h2-h1)/Pel, with m: refrigerant mass flow, h1: 
enthalpy at compressor inlet; h2: enthalpy at compressor outlet and Pe electrical power input. 
Piston assembly 
The piston assembly is shown in figure 8. The dimensions of the large connection rod bearing remain un-
changed and are given due to the crankshaft of the compressor, which is chosen for modification. Furthermore, the 
S-typo compressor block dimensions also define the connection rod length and dimensions. The length of the piston 
is also given, when the S-type connection rod and S-type cylinder block are used for the prototype. The piston pin 
bearing is replaced by a ball bearing consisting of a steel ball, which is connected to the connection rod.  
Table 1  Strokes s, the bore diameter and the stroke-to-
bore based on standard crankshafts  
 Volume in cc  Volume in cc 
    
s in mm 2,0 2,5 3,0  2,0 2,5 3,0 
 Bore diameter in mm  Stoke-to-bore ratio
12,8 14,1 15,8 17,3  0,9 0,8 0,7 
16 12,6 14,1 15,4  1,3 1,1 1,0 
19 11,6 12,9 14,2  1,6 1,5 1,3 
22 10,8 12,0 13,2  2,0 1,8 1,7 
26 9,9 11,1 12,1  2,6 2,4 2,1 
Injection molding of PEEK is used to join the ball 
and the piston of the compressor.  
Applying CO2 the re-expansion gets rather short and 
a significant suction gas pressure drop will occur, espe-
cially from the beginning to the middle of the suction 
phase. Therefore, special attention requires the design of 
the edge, which keeps the ball connected to the piston 
during the suction stroke: The piston has two piston 
rings to reduce the leakage.  
Compressor block and drive mechanism 
As said before, the CO2 compressor is based on the S-type compressor. Therefore, the block design is rather de-
fined. Nevertheless, some modifications of the block are required as the cylinder diameter is reduced and a new 
valve plate is mounted onto the block. The motor and crankshaft as well as the main bearings of the S-type compres-
sor are kept unchanged. A crankshaft with 8 mm radius is selected. A standard motor is used matching the CO2 
compressor capacity. 
Compressor shell 
The shell including the fusite is redesigned to resist the pressure, which can reach up to 50 bars under running 
state conditions and up to 80 bars after compressor shut off or under high ambient temperature conditions. A pres-
sure relieve valve is not installed at the compressor shell, but in the CO2 test rig.  
Lubrication and compressor cooling 
The lubrication system remains unchanged in design and functionality with the addition of an oil supply to the 
piston / connection rod bearing. The development of suitable lubricants has proceeded throughout the last years and 
the various lubricant suppliers have collected experiences. Various lubricants were applied for evaluation and 
showed satisfying performance during testing. The compressor is mainly oil cooled by the lubricant, which is 
sprayed by the crankshaft rotations against the shell. Additionally, there is significant heat transfer by the gas inside 
the shell, as its pressure is high and the flow is turbulent due the compressor rotation. 
PERFORMANCE EXPERIENCES 
A number of compressors were assembled and tested 
in various running conditions. Tests exceeded more than 
1300 hours with individual compressors at various opera-
tion conditions up to 160 bars as the high pressure. So 
far, no critical wear was detected on any compressor 
parts. The compressors showed an acceptable compressor 
performance as well as noise and vibrations level. In 
figure 9 the volumetric and the isentropic efficiency of 
the compressor are given for a constant suction pressure 
of 40 bars and 10 K superheat. 
The volumetric efficiency is defined ηV=Vref/Vcyl with 
Vref: measured volume flow of the refrigerant and Vcyl: 
theoretical volume flow calculated with displacement and 
compressor rpm.  
The isentropic efficiency of the compressor was de-
fined earlier.  
 















Figure 9 Experimental performance data 
volumetric eff. 
isentropic eff. 
Both efficiencies are not very much depending on the high pressure or the compression ratio. The plotted volu-
metric efficiency with values between 0,7 and 0,8 is calculated with an oil circulation rate of around 1,5 mass %, 
which circulates with the refrigerant through the cycle. But even if there is paid respect to this additional mass, the 
volumetric efficiency remains rather high. 
The isentropic efficiency of around 0,5 is also satisfying and typical for small hermetic compressors. Possibly, it 
could be increased by an increased discharge gas temperature, which is achievable when reducing the discharge gas 
heat losses along the pass of the discharge gas from the discharge valve to the compressors discharge connector, 
where the discharge temperature and pressure are recorded for this evaluation. 
The compressors design study is ongoing, with the goal to further improve the performance. 
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